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90%	 of	 the	 N-	loss	 load	 occurred	 during	 the	 wet	 season,	 and	 90%	 of	 that	 passed	
through	the	subsurface.	Understanding	the	processes	and	estimating	N-	loss	is	highly	
valuable	in	determining	long-	term	soil	security	and	sustainability	in	karst	regions.




carbonate	 rocks	 such	 as	 dolomite,	 limestone,	 and	 gypsum,	 and	 car-
bonate	 rocks	outcrop	across	~11%	of	 the	world’s	 ice-	free	 land	area	
(Badman,	 2010;	 Dürr,	Meybeck,	 &	 Dürr,	 2005).	 It	 covers	 extensive	














and	 extensive	 subsurface	 drainage	 or	 karst	 conduit	 network	 (KCN).	
KCN	is	defined	as	a	complex	system	constituted	of	soil	porosity,	un-


















(Teixeira	and	Misra,	2005).	Nutrient	 loss	 through	surface	 runoff	has	
been	 studied	 relatively	 extensively	 compared	 to	 subsurface	 runoff,	
and	few	studies	have	focused	on	the	epikarst.	Yue	et	al.	(2015)	demon-












































correlation	between	water	 and	N	 cycle	 in	 karst	 topographies	 is	 im-
perative	in	terms	of	long-	term	soil	and	water	security	in	these	fragile	
regions.






F IGURE  1  (a)	Karst	geomorphology	regions	of	China;	(b)	Average	rainfall	distribution	in	recent	years;	(c)	Carbonate	rocks	distribution	in	
China.	Study	sites	location	marked	with	red	star





drological	 processes.	 We	 studied	 key	 parameters	 of	 rainfall-	runoff	
conversion	 process	 and	 the	 amount	 of	N-	species	 lost	 quantitatively.	
Contrastive	discussion	between	karst	sites	and	non-	karst	sites	also	pre-
sented.	For	further	synthesis	of	above	factors,	we	estimated	the	annual	
and	monthly	variations	 in	 dissolved	 nitrogen	 (DN)	 loss	 (N-	loss)	 from	
karst	regions	in	China	between	1961	and	2014	according	to	monthly	
mean	precipitation	data.









and	both	 the	 soil	 thickness	 is	 about	 0.6	m.	Meanwhile,	HTP	 served	
as	 the	control	 site	and	 the	 soil	 thickness	 is	over	1.5	m.	HTP	 is	bare	
cropland	while	both	SW	and	CQ	are	uncultivated	 land	covered	with	







tive	 of	 common	 karst	 slope	 areas	 used	 for	 agriculture	 (Chen	 et	 al.,	
2012).	 Each	 study	 sites	 has	 three	 contiguous	 replicated	 rectangu-
lar	 plots,	 and	 all	 the	nine	plots	 have	 same	 size	 (1.66	×	1.16	×	0.6	m	






Customized	 rainfall	 simulators	 (NLJY-	10,	 Nanjing	 Nanlin	 Electronic	
Co.,	 Ltd,	 Nanjing,	 China)	 were	 used	 to	 generate	 to	 simulated	 rain-
fall	of	varying	 intensities	with	a	uniformity	greater	 than	86%	meas-
ured	 by	 the	 manufacturer.	 The	 simulator	 was	 2.0	×	1.5	×	3.0	m	
(length	×	width	×	height),	 and	surrounded	with	wind	barriers	 (sheet-
ing—see	 Figure	3b).	 The	 sizes	 of	 three	 nozzles	 are	 1,	 2,	 and	 3	mm,	
respectively.	A	rain	gauge	was	used	to	measure	and	record	rainfall	in-
tensity.	Each	simulated	rainfall	lasted	for	a	consistent	time	of	60	min,	
and	 five	 different	 intensities	 were	 applied	 during	 the	 experiment	
(30,	45,	70,	90,	and	120	mm/hr).	Then,	we	use	this	rainfall	gradient	
to	 establish	 quantitive	 correlation	 between	 rainfall	 depth	 and	 run-
off,	rainfall	depth	and	N-	loss	concentration	as	well.	A	minimum	rest	
time	of	24-	hr	 between	each	 simulated	 rainfall	was	designed	 to	 en-
sure	that	there	were	minimal	carry	over	affects	between	experimental	
runs.	A	HOBO	U30	micro	 automatic	meteorological	 station	 (Onset,	





















USA).	All	 samples	were	 stored	at	4°C	after	being	 filtered	 through	a	






The	 time	between	 initiation	of	 simulated	 rainfall	 and	appearance	of	
the	 first	 runoff	 is	 noted	 as	 runoff	 yielding	 time	 (Ty).	All	 the	 time	 is	
	recorded	during	each	rainfall	event.
2.5 | N- loss estimated method
As	rain	gauges	measure	rainfall	 in	mm,	we	converted	water	volume	














North	China 0.1 0.9 102.7
South	China 0.2 0.8 127.5
Plateau	area 0.1 0.9 114.5
10134  |     SONG et al.
 
where Q	 is	 the	 runoff	depth	 (mm),	W	 is	 the	 total	 runoff	volume	 (L)	







In	 Equation	(4)	 and	 (5)	A,	 k,	 and	 t	 are	 all	 fitting	 coefficients	 ac-
cording	to	different	models,	x	represents	rainfall	depth	(mm),	Pc	is	the	
hypothetical	 threshold	 rainfall	 that	will	 trigger	 runoff	 (mm),	C	 is	 the	
concentration	of	DN.
Daily	 precipitation	 data	 (National	 Meteorological	 Information	
Center	of	the	China	Meteorological	Administration,	http://cdc.nmic.
cn/home.do	accessed)	were	used	to	calculate	the	mean	precipitation	
for	 the	karst	 region	 (interpolation,	 and	 Inverse	Distance	Weighting	
approaches	were	used).	The	rainfall	could	be	distinguished	as	erosive	
rainfall	 and	nonerosive	 rainfall	 based	on	whether	 soil	will	 loss	due	
to	 the	 rainfall	 erosion,	 and	 the	 estimated	 rainfall	 amount	 standard	
of	erosive	 rainfall	was	 about	10–15	mm	 in	China	 (Xie	et	 al.,	 2000,	
2016).	However,	this	research	 just	focus	on	DN	coupling	with	run-
off,	which	means	that	N-	loss	could	occur	even	if	the	rainfall	is	much	
lower	 than	 erosive	 rainfall	 standard.	Therefore,	 the	 erosive	 rainfall	
standard	is	 invalid	in	this	research,	and	we	propose	using	minimum	
rainfall	(Pmin)	of	runoff	yielding	to	distinguish	whether	N-	loss	happen.	

































Sample site SW CQ HTP
Lithology Dolomite Limestone Mixed red and yellow soil
Slope degree 20° 12° 15°
Sample	depth	(cm) 0–10 10–20 30–50 0–10 10–20 30–50 0–10 10–20 30–50
pH 7.82 7.85 7.90 7.52 7.70 7.72 7.86 7.84 7.82
Soil	bulk	density 1.08 1.75 1.76 1.27 1.23 1.33 1.08 1.27 1.16
TC	% 2.89 6.74 11.25 3.53 8.14 2.92 2.56 2.82 1.75
TN	% 0.25 0.51 0.09 0.30 0.55 0.25 0.21 0.17 0.16
NO3
−-	N	(mg/kg) 1.41 2.16 0.82 0.57 0.43 0.55 1.54 0.91 0.67
NH4
+-	N	(mg/kg) 4.24 2.67 1.72 2.29 1.33 0.91 1.50 1.24 0.87
Particle	size	analysis	%
	 d	(0.5) 5.68 7.96 15.32 6.72 5.69 5.40 6.39 7.62 10.05
	 <0.002	mm 13.94 10.31 6.79 13.67 14.75 16.36 17.67 14.22 11.39
	 0.002~0.02	mm 78.74 75.95 54.86 72.23 76.28 75.31 71.81 74.72 69.24
	 >0.02	mm 7.32 13.74 38.36 14.10 8.97 8.33 10.52 11.05 19.37
F IGURE  2 Schematic	diagram	of	karst	structure	and	runoff	paths
     |  10135SONG et al.
 
where Pmin	means	 the	minimum	rainfall	depth	 (mm)	while	surface	
or	 subsurface	 runoff	 start	 yielding;	 Ty	 is	 the	 lag	 time	 between	
runoff	 yielding	 and	 rainfall	 starting.	Monthly	N-	loss	 flux	 (mg/m2)	
estimated	 by	 Equation	(7).	 We	 substitute	 the	 Pmonth	 into	 fitting	
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3  | RESULTS
3.1 | Basic soil properties
The	mean	pH	of	 three	 layers	at	each	 site	 shows	SW	>	HTP	>	CQ	





















3.2.2 | Runoff discharge and coefficient
Volume	and	distribution	of	surface	and	subsurface	runoff	at	three	ex-
perimental	sites	show	differences	obviously,	which	displays	increased	





of	 subsurface	 runoff,	 and	 in	 comparison	 at	 HTP,	 the	 majority	 of	










50	mm/hr)	 using	 indoor	 simulated	 rainfall	 experiments.	 When	 the	
simulated	rainfall	is	above	70	mm/hr,	surface	runoff	coefficients	are	
lower	than	subsurface	runoff	coefficients	at	SW	and	CQ;	the	inverse	
was	 true	 of	 HTP	 coefficients	 (p < .05;	 (Table	3).	 Peng	 et	al.	 (2008)	
built	 six	 runoff	 plots	 at	 the	 same	 catchment	with	 our	CQ	 site	 and	











0.96,	 and	 0.98	 and	 corresponding	 Pearson	 correlation	 coefficients	
are	0.98,	0.99,	and	0.99	for	CQ,	SW	and	HTP,	respectively.	Which	
the	 fit	of	 rainfall	 and	SS	had	an	 r2	of	0.99,	0.98,	 and	0.68	and	 the	
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3.3 | Dissolved N- loss along with runoff
3.3.1 | Dissolved N- loss forms and concentration












Dissolved	 nitrogen	 concentration	 in	 surface	 runoff	 and	 subsur-
face	 runoffs	 (Figure	7)	 at	 CQ	 and	HTP	 tended	 to	 decrease	 as	 sim-
ulated	 rainfall	 intensity	 increased.	 At	 SW,	 [DN]	 in	 surface	 runoff	
(0.46	mg/L	 as	 a	 mean	 value)	 and	 subsurface	 runoff	 (1.0	mg/L	 as	 a	
mean	 value)	 remained	 a	 low	 level	 despite	 increasing	 rainfall	 inten-
sity.	 The	 [DN]	 in	 the	 surface	 runoff	was	 higher	 than	 that	 found	 in	
subsurface	 runoff	 at	 CQ,	 whilst	 SW	 and	 HTP	 showed	 the	 inverse	
correlation	 (p < 0.05).	Nitrate	shows	a	similar	change	trend	with	DN	
as	 nitrate	 is	main	 constituent	 of	DN.	 Both	DN	 and	 nitrate	 indicate	
that	 N-	loss	 through	 subsurface	 runoff	 take	 an	 important	 role	 on	 
N-	loss	from	karst	soil.
3.3.2 | Correlation between rainfall and [DN]
To	find	out	the	correlation	between	rainfall	and	[DN],	we	train	three	
fitting	 models	 according	 formula	(5).	 First-	order	 exponential	 decay	
best	 describes	 the	 correlation	 between	 [DN]	 and	 rainfall	 (mm)	







































Surface flow Subsurface flow
SW CQ HTP SW CQ HTP
30 0.0 0.0 0.0 46.0 18.4 19.3
45 11.3 6.7 4.5 56.4 65.9 30.6
70 40.0 12.4 47.1 50.8 65.8 17.7
90 36.2 13.3 72.7 52.3 75.6 15.3
120 36.5 12.1 77.3 55.0 81.6 14.8
Average 24.8 8.9 40.3 52.1 61.4 19.6
10138  |     SONG et al.















regions	 after	 calibration.	 Region	 II	 received	 the	 most	 precipitation	




1. Three	 karst	 regions	 are	 divided	 according	 to	 soil	 water	 content,	
precipitation,	 and	 carbonate	 rock	 distribution	 in	 China	 (Jiang	
et	al.,	 2011;	 Zhou	 et	al.,	 2005);
2. The	three	karst	 regions	can	be	further	divided	 into	dolomite	and	
limestone,	in	proportion	to	the	overall	distribution;
3. Corrected	monthly	 precipitation	 data	were	 employed	 to	 run	 the	
estimated	model	of	three	regions.








was	also	 true	of	both	 surface	and	 subsurface	 runoffs	 and	N-	losses.	
The	mean	N-	loss	was	43	±	25,	942	±	99,	and	80	±	38	kg	km−2	year−1 
for	region	I,	II	and	III,	respectively.




were	 seen	 in	June.	 In	 regions	 I	 and	 III,	 this	maximum	was	 seen	 in	
July	(Figure	9c).
According	to	our	model,	N-	loss	load	in	the	wet	season	would	have	
accounted	 for	89%	of	 the	annual	 load.	Yue	et	al.	 (2015)	studied	 the	
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Province,	Southwest	China	recently.	That	research	state	that	approx-









4.1 | Rainfall threshold of KCN
A	 recent	 study	 at	 a	 karst	 spring	 in	 Opacac,	 Croatia	 discovered	 a	
rainfall-	runoff	 model,	 which	 could	 be	 described	 by	 the	 following	
	formula	(Zeljkovic	and	Kadic,	2015):	
where RG	 is	 underground	water	 recharge	 through	 deep	 percolat-
ing	 (mm);	RS	 is	 soil	 and	 rock	water	 storages	 (mm);	RE	 is	 the	water	
absorption	and	storage	by	epikarst;	ET	 is	evapotranspiration	 from	
the	 karst	 surface	 (mm).	 In	 long-	term	 observational	 experiments,	
RE	 and	ET	 are	 important	 pathways	 (Jukić	 and	Denić-	Jukić,	 2009);	
however,	they	have	minimal	influence	over	the	course	of	a	60	min	
experiment.	Therefore,	we	do	not	consider	ET	further	in	this	study.	
Furthermore,	 runoff	 coefficients	 differ	 under	 different	 rainfall	 in-
tensities,	which	means	that	rainfall	can	turn	into	RS	and	RG	except	
for	QSF	and	QSS.	In	theory,	we	think	there	is	a	rainfall	threshold	for	
producing	surface	 runoff	at	karst	ecosystem,	and	any	 rainfall	 that	
exceeds	the	threshold	will	lead	to	surface	runoff	yielding	(Semttem	
et	 al.,	 1991).	We	 infer	 that	RS	 and	RG	may	be	 responsible	 for	 the	
threshold.	A	linear	fit	to	our	results	confirms	that	each	site	showed	
a	 critical	 threshold	 at	 which	 subsurface	 runoff	 stops	 increasing.	
Therefore,	 according	 to	 the	 fitting	 results	 in	 Figure	6,	 the	 critical	
threshold	 (Pc)	 are	 28.59,	 24.88,	 and	 35.89	mm	 for	 SW,	 CQ,	 and	
HTP,	respectively.


















Surface Subsurface Surface Subsurface Surface Subsurface
30 – 46.02 – 18.35 – 19.26
45 11.28 56.44 6.73 65.85 4.46 30.61
70 40.05 50.82 12.41 65.76 47.13 17.72
90 36.17 52.31 13.29 75.62 72.72 15.34
120 36.50 55.04 12.11 81.56 77.26 14.85
Average	value 24.80 52.13 8.91 61.43 40.31 19.56
TABLE  4 N-	loss	load	at	experimental	
sites	(mg/m2)


















flow	 to	 peakflow.	Results	 suggested	 that	 ground	water	 flow	path-
ways	 likely	 flushed	 stored	NO3
−	 sources	 into	 the	 stream	 and	 soils	
have	promoted	NO3
−	assimilation.	N-	loss	in	surface	runoff	is	consist-
ently	 lower	 than	 that	 from	 subsurface	 runoff	 in	 all	 regions	mainly	
due	to	 low	surface	runoff	coefficient.	 In	northwestern	Guangxi	 (lo-






China.	Zhang	et	al.	 (2015)	 found	that	the	grassland	 is	N	 limited,	 the	
shrubland	is	constrained	by	N	and	P	together	or	other	nutrients,	which	







fers	 are	 particularly	 vulnerable	 to	 contamination,	 the	 fertilizers	will	
be	a	potential	source	of	pollution	especially	at	unconfined	karst	zone	
(Różkowski	and	Różkowski,	2016).



































using	 organic	 fertilizer	 and	 slow-	release	 chemical	 fertilizer	 instead	 of	
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